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SOME EFFECTS OF FREQUENCY ON THE CONTRIBUTION OF A- VERTICAL TAIL TO THE
FREE AERODYNAMIC DAMPING OF A MODEL OSCILLATING IN

By JOHN D. BIED, LmvIa R. FISHDE, and SADm M. HUBBAIKI

SUMMARY

The direa?iow? dampikg and titabi?ifyof a fu8elag~i.c&
iizil model osm%atingfreely in yaw were meawred & a Mach
number of O.IJ and compared with the dumping and stuhliiy
obtained by cmwideraiion of the e$eci!.sof un8teudy lift. The
cent.ribuiion of the vertid tail to the damping in yaw of the
model agreed within th limiz%of experimental aeeuraey with
predictims of the approximate jinii!.c-mpect-ratiouwteady-lift
thanks for the range of fregwn.i%x t.wtexi,and the two-
dim.ensiamd uwkzuiy-lift theory prediaki a much grea#er’loss
in dum~”ng wilh reduction in frequency than was 8hQwnby
expm”men.tor by theapproxima&@ikmpect-ratw un+nkui?y-lijl
theories. .Forfrqu.eneh comparabk to thoseof Lzterai?airplune
mduna, both the unwkuly-lift thti and the azperimental
re.suhindicukit hu$thee retribution of theOsrtieaJt4ziLt0th4
directional stab~iiy of the model was rek.i%dy indepmien$ of
fregw.

INTRODUCTION

The advent of high-speed airplanes of high relative density
has focused attention on certain problems associated with
the dynamic stabili~ of airplanes which, because of previous
unimportance, have heretofore been neglected. Among these
problems is the effect of the periodicity of the sirplane motion
on the effective values of the various stability derivatives.
Reference 1 and, more recently, references 2 and 3 have
indicated the possibili@- of sizeable affects horn tb”s problem.

An appreciable amount of theoretical work on thwe
unsteady-lift efleciw exists at present; however, only a small
amount of experimental substantiation of the results is
available for the low-frequency range of oscillation.. & a
result, a program has been undertaken in the Langley sta-
bility tunnel to determine the effects of such variables as
freqmmcy and amplitude of motion on the contribution of
the various airplane components to the stability derivatives
of presentday airplane configurations. !t’ho work reported,
herein covers that phase of the investigation which considers
frequency effects on the directional damping and stability
of a model undergoing a freely damped oscillatory yawing
motion. The effects of vertical-tail aspect ratio snd com-
pressibility as predicted by the theoretical treatments are
discussed in relation to the experimental stabili~ charac-
teristics obtained by the free-oscillation and by the curved-
flow procedures.

YAW ‘

.
SYMBOLS

The data are referred to the system of stability axes and
are presented in the forni of standsrd NACA coefficients of
forces and moments about the quarter-chord point of the
mean aerodynamic chord of the normal wing location of the
model teste~.
used herein are
CL

c=

c.

(7,

(See fig. 1.) The coefficie&s and symbols
defied as follows:
lift cOefM3nt, L/q&
drag cm%icient, D/q&
Iatersl-foroe coefficient, Y/qS’=
rolling-moment coeflkient, L’[@’JJm
pitching-moment coefficient, M/@S3U
yawing-moment co&cie?t, iVjq8Ju’

Relotii wind”

\ I Y

Iyr

Se&n A-A

Fmum I.-System of stability axes. Arrowe indioate positive form%
moments, and angular displacements. Yaw reference genemlly
chosen to coinoide with initial relative wind.

I SnpaedES NAOA TN 2657,“SomeEffectsofFrequencyontheC+mbibntfonofaVertical‘hfl to theFreeAemhiamfo Dampingof a W&l Odllatlog in Yaw” by JohnD. EM,
IAWJEFLlWber,andSadfeM. Hnblmr&l’J62
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lift,Ib
drag, lb
lateral force, lb
rolling mommt, ft-lb
pitching moment, ft-lb
yawing moment, fblb

dynamic pressure,~ pW, lb/sq ft

mass density of air; slugs/cu ft
fkee-streamvelocity, ft/sec
area, Sq ft
Spin) ft
chord, ft .
mean tail chord, ft

D/9

mean aerodynamic chord, ~
J

~ ~ G%y,ft

spsxmise distance from the plane , of
_e@, ft

aspect ratio, lF/f3
angle of attaok, deg
angle of sideslip, radians

time, sec c

m--velocity parameter referred to
semispan of wing

singleof yaw, radians
yawing velocity, d+&t, radia@ec
yawing acceleration, a?+/dP, radian+e&
_ veloci~, l%KliliI@ec
frequency, cps
reduced-frequency parameter referred to

semichord of vertiord taiI, ucJ2V
mechanical spring constant, ft-lb/radian
yawing moment of inertia, ft-lb-se&
time to damp to one-half amplitude, sec
dampiwz constant
peri~d ~f oscillation, sec .
non-dimensional tail length referred to. semi-

1
chord of vertical tail, ——

ci/2
distance from origin of axes to midchord

point of vertical tail, ft
C(k) =F-W

‘ F,Q

~=F+iG
}~=H+iJ

u

Z,M

.

circulation functions used by Theodorsen
(ref. 6)

finite-span functions used by 13iot and
Boehnlein (ref. 9)

Enite-span correction used by Rbiier and
Steven$ (ref. 8)

compressible-flow functions used in place of
F and Q (refs. 10 and 11)

A#l functions of k deiined in text

C.,=+ ~
a 2V

ac=

“U=ap

‘ W
N+=--=-

a+

aiV
N;=T

a+

Nfi=~-

N-_ a?
‘ap.

subscript:
w *
t vertical tail “

amplitude
: due to friction

.

APPARATUS

MODEL AND OSOILLATTNG STRUT

The model used in this investigation and shown in figuro
2 had separable wing, fuselage, and tail surfaces and was
constructed ahnost entirely of balsa wood in order to mini-
mize the mass and make the natural frequency of the model
on its mounting as high as possible. The oonfigqr@iofi is
representative of that of several presen&day high-spood
airplanes. The aspect ratio A, and mean chord c, of the
vertical tail were 2 and 4.9 inches, respectively.

The model was mounted at the quarter chord of tho wing
mean aerodynamic chord on a l-inchdiameter rod which

f
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Frumm 2.—Drawing of model tested. All dimensions are in inches.

rotated with respect to a circular hollow strut and which
waE connected to it by means of flexure pivots made of
Swedish steel. Flemre pivots were used rather than bear-
inga in order to minimize the fiction in the system. The
pivots were dined with the center of the rod on which the
model was mounted. The entire aasembly, which is shown
in figures 3 and 4, was fastened to the ceiling of the tunnel
test section and covered by a streamlined fairing.

The inner rod or oscillating strut, which was permitted to
rotate and upon which the model was mounted, extended
through the ceiling of the tunnel test section and was capped
by a horizontal cnxwpiece. TIM period of oscillation of the
model was controlled by varying the moment of inertia

A Recc&r

Twquerwl--
i

BLern
CFilm.
D Tii tight

T
E l.k$dscurce

Wei$ts.. F Motw

Cfcspiece-.,
G Tmer
H Bottery

II
w I Mirror

Om”llotktgstrut---”’

‘“”+ *

115-Jat
.F

l15vac
A .H
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r

-Fairing
.

wind

[

Flexurepklts ‘“

Fixedstrut “

*

P“I
..Alodel

u

FIQUII.FI3.—Diagmm of W equipment.

about the vertical axis of the system. This variation was
accomplished by using crosspieces of different lengths and
by clamping weights at the ends of the crwspiecw.

RECORDING DEVICE

A continuous record of the displacement in yaw of the
model was made on photographic film by means of an optical
rewinding system. A mirror clamped to the section of the
oscillating strut which extxmdedoutside the tunnel reflected
a bm of light from a point light source within the recorder..
The beam was focused on a roll of photographic film by
means of an S-inch-focal-length double-concave lens. The
fihu roll wa~ driven at constant speed by gearing it to an
electric motor. A 10-cycle-per-second neon timing light
incorporated in the recorder exposed timing lines on the lllm
in order that time as well as model displacement could be
measumd accurately on the film record.

TESTS

OSCILLATION TI=TS

The free-damping tests were conducted with the model in
au inverted poaitio~ in order to minimize strut interference
effe@, and at zero angle of attack with respect to the
fuselage reference line. The tests were conducted on the

.
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FmuRE 4.—Teat model mounted on free+scillation etrnt in Langley
etability tunnel.

combination of fuselage and tail surface and on the fuselage
alone because preliminary tests had shown that the presence
of the wing had no apparent @ect on the damping at zero
angle of attack. The range of moments of inertia and fre-
quencies covered are shown together with the test results
in table I. Results of runs made with wind on and off are
given in order to illustrate the magnitude of the tares
applied.

Conjuration

Fuselage and tail

Fuselage alone

-P,
MO

Wind W’iid
off on

13.21 7.15
4.08 z 19
3.96 2.26
3.96 z 19
.75 .77
.22 .30

29 .27
:75 .74

k

0.0012
.0040
.0039
.0040

0114
:0293

0321
:0119

When twts were made of the fuselage alone, a torque rod
was employed to pro%de a stable restoring moment to the
fuselage which -ma equal to the aerodp.m.mic moment pro-
vided by the vertical tail when uttached. The torque rod
was clamped between the” extended oscillating strut rmd a
building structural member as shown in figure 3. The
spring constant of the systam was 6.8 foot-pounds per radian
for the flmcurepivots alone and 32.8 foot-pounds per radian
for the combination of the flexure pivots and the torque rod,

FORCE TESTS

The steady-state s~bility chsmcteristica of the model
were determined by means of wind-tunnel force teats through
an angle-of-attack range from 0° to 8° for the fuselage alone,
the fuselage and tail surfaces, and the complete contQura-
tion. The model was mounted on a single-strut support and
@l foroes and moments were measured by a six-component
balance svstem. The steady-state sideslippinq derivativoa
were dete~mhed through a ~ldealip range-if ~ 5°, and the
yawing derivativ~. were determined at values of the ymving-
v610ci@ parameter r6/2V of 0, —0.0291, —0.0616, and
—0.0810 by standard Langley stability-tunnel curved-flow
testing procedurw.

All tests were conducted in the 6-by 6-foot test section of
the ‘Langley stability tunnel at a dynamic pressure of 24.9
pounds per square foot, a Mach number of about 0.14, and
a Reynokls number of 442,000 baaed on the wing moan
aerodynamic chord. Standard jet-boundary corrections
have been applied to the angle+f-attack, the drag-coefficient
and the rolling-moment-ccmfhient data obtained from the
force tests. In addition, the steady-state yawing data have
been corrected for the effects of the lateral static-presmm
gradient peculiar tci the curved-flow testing procedure.
Jet-boundary corrections were not applied to the oscillation
tests because of their i&ignMwmce for the test conditions
involved. See reference 4.

REDU(YHON OF OSCILLATION TEST DATA

Frcm the continuous W-Urecord taken of the motion of the
model after an initial displac~ent, the amplitudes of the

TABLE I

EXPERIMENTAL RESULTS :

t~,
seo

T
Wind Wind

off on

190.08 86.80
49.70 11.47
5466 -10.35
54.65 IL 39
34=36 L 72

3.40 .28

13.80 3.21
34.36 13.77

3289
3.09
3.09
x 09
.38
.06

.06

.88

I –(c”,–c”j)

Toi%l
I

Friotion

O.610 0.276
.429 .099
.475 .090
.432 .090
.351 .018
.340 .028

.030 .007

.044 .018

I
()C.B+C.;kl ~ ‘

Aero-
dynamic

0.336
.330
.386

342
: 3%3
. 312

0. 24)4
.204

190
:204
.213
.203

.023 -.058
.~. 026 -.016



EFFECTS OF FREQUENCY ON TAIL CONTRI=’UTION TO DAMPING IN YAW 499

successive cycles were measured and plotted to a logarithmic
scale against time. Inasmuch as the damping is of a loga-
rithmic nature, the resultingplot is a straightline from which
may be read the time for the motion to damp to one-half
amplitude (tIn).

I’or a system having a single degree of freedom in yaw
such that for the stabili~-axis system the angle of sideslip 9
is the negfitive of the angle of yaw #, the equation of motion
cnn be expressed as

(IZ–NJ)&(N;-NB+N#i- (Nt–NP)4=0 (1)

where Ni, and Nti refer to the mechanical friction of the
system and the flesmre-pivot spring constant, respectively.
The solution of equation (1) can be mitten as

+=e-”’(A sin 27Tft+B coa 2zft)
where

_N+–N~_
[

W+–N;-l-W+r
2rf=

Iz–NY 2(.L–IV; ) J

(2)

N+–NP+N;J ‘~= —
2(1.–N;) “

The damping constant may be expressed in terms of the time
to damp to one-half amplitude as

Tlm directional stability and damping of he system may
then be expressedin nondimensional form in a manner similar
to that of reference 5 as

()C.B+-Cs;k2 ~ 2= -&[Iz(27rf)2+A7~] (3),

{[
C.,–C.; =–2”772V1. ~– 1

v 1)-&p(tlfJm*ti*,f
-~ (4)

The terms C% and Csj are necessarily in co~bination with
O“Pand 0s,, respectively, because of the nature of the motion
being considered. For the frequenciw employed in these

~1

()
tests, tbe factor C.;P ~ should be small in comparison

with C.p.
h determining (tlfl)a,ti .,fi which corrects for the d~pti

due to friction in the system, the model was oscillated at
zero wind velocity with an equivalent mass in “place of the
vertical tail and with a torque rod of sufficient strength to
produce the proper frequency inserted in the system. The

N..
~ term is verg small compared with that ofinfluence of the ~,,z

tho inertia term in equation (4) and was neglected in these
teats.

The damping derivatives were obtained horn data similar
to the sample records of model motion and plots of logarithm
of amplitude against time given as figure 5. A small residual
yawing motion of the model attributable to turbulence in the
tunnel airatreamnecessitated detwmining the time to damp

to one-half ampli~de by the slope of the amplitude envelope
at the largest angles of yaw in order to minimize the error in
deter-~ the damping derivatives. This source is
believed to have resulted in no more than a 5-percent
uncertainty in the re9ults.

ANALYTICAL CONSIDERATIONS

, Various unsteady-lift theoriw were employed @ calculate
the contributions of the vertical tail to the directional
stability and dtiping of the model for comparison with the
experimental results These theories included the incom-
pressible casea covqred by Theodorsen (ref. 6) for two
dimensions and by Jones (ref. 7), Reissner and Stevens (ref.
8), and Biot and BoehnIein (ref. 9) with various degrees of
approximation for iinite span. The two-dimensional work
including the subsonic eflects of compressibility as given by
Powio and l?razer and Skan is also employed. A short
summary-indicatingprocedures for obtaining the necessmy de-
rivatives from these theoriw is included here for completeness.

TWO-DIMENSIONAL DBRIVATIVFS

The work of Theodorsen on the derivation of the expres-
sions for the unsteady lift and moment of a two-dimensional
surface undergoing sinusoidal oscillations in an incompres-
sible fluid is given in reference 6. From this source, the
moment per unit span about the airplane center of gravity
of a vertical tad mounted on an airplane which is performing
sideslipping oscillations can be- shown to be

N(@=–rqc/
[W+(a++)c(k)’l ‘5)

A similar mprtion for ‘an airpkme performing yawing
oscillations is

N(#)= –; gCt’
{[i-c(k?(i-”’)l$+i(i+”’)$1 ‘6)

An appendix to this report gives a discussion of. the con-
version of these results from reference 6.

.

(0)

3 , 1 8
t~. 1.12 JIII’’’H!”’ I-It~ = L03 t,~= 1.[0

I I I n

I
012 012 0 2

(b) t f ;

(a) Film reoord of yawing oscillation.
(b) Logarithmic plots of amplitude variation with time.

FK+URE5.—Representative film record and resulting Iogarithmio plots
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The Theodorsen function C(k) is a complex circulation
function of the reduced frequency and & terms of its red
and imagimq p~i% is written -

C(kj=F+iQ

The functions F and Q may be computed from expressions
given in reference 6 in terms of Bessel functions of the first
and seccmd kinds of ordera zero and one and of argument
k. h stability practice equations (5) and (6) are usually
interpreted in terms of derivatives as follows:.

If the sinusoidal motions

@=g&t

*=#oeiwz -

(7)

are employed for a substitution into equations (5), (6), and
(7), the red and imaginary terms may be equated and the
derivatives C.P, C=b,C=,, and C.; determined. The results of
SUCh an Q.IIS@k would be as fo~ows:

C,,=-;;. (a+;)F
Ww

The velocity terms contain only the F telm of the Theodorsen
function, whereas the acceleration terms contsin the G term
divided by k. The corresponding side-force derivativ~ are
derived in the appendix. For the free-oscillation tests
conducted for this report, the motion is such that the angle
of sidedip is the negative of the angle of yaw. The damping
derivative measured therefore is the d.iiferencebetween the
derivatives Cm, and Cab determined tim equation (8).
This fact was illustrated previously with respect to the
reduction of the oscillation test data. In a like manner, the
directional stability parameter measured can be shown to be
a combination of the Cmfland C-; terms, specifically

Combination of the results of equations (8) to obtain the
factors calculated for comparison with the oscillation Wts
gives

where

‘=-(a-Wa+i)2a+(a’-D2kF

‘=(a’+:)F+(a++)’F+(a’-~
PINITZ-SPAN DZRIVA’I’IVZS

The aerodynamic-span effect is considered in referenco 7
for wingg of aspect ratios of 6 and 3 by correcting the aero-
dynamic inertia and the angle of attnck of the infinite-span
surface. An approximation employed in this anfdysk
concerning motions of long wave lengtl] may mnke the
rwilts subject to question for valuea of k near zero. The
reference praents expressions for calcul~ting the finite-span
value of the Theodorsen function C(k). The use of these
F and t? circulation functions in equations (8) and (9)
results in values of the various derivatives considered for
aspect ratios of 6 and 3.

The aerodynamic-span &ffect & considered for wings of
arbitrary aspect ratio in reference 8. The three-dimensional
effect of the finite span may be obtnincd by adding Qcorrec-
tion term c to the basic Theodoraen two-dimensional func-
tion. The iinite+pan function C(k)+ u is employed in ~
rather lengthy apd tedious computation in order to deter-
mine the components of the unsteady lift for ench of five
points along the span of the oscillating surface. The various
stability derivatives may then be determined by a graphical
integration of the in-phase and out-of-phase components,
An approximation mnde in this analysis is of such a nature
as to make the method primarily suited to the higher aspect
ratios. A practical lower H&itof applicability is not known.

A one-point approximation to the span effect for tho cal-
culation of the unsteady lift may be employed r~ther than
the five-point procedure. Comparative calculations made
for the present investigation have shown the one-point
approximation to yield rcwdts for low aspect ratios which
are essentially the same as those calculated by the longer
procedure.

Biot and BoehnIein (ref. 9) considered the nerod~mnic-
span effect on unsteady lift by an npproach that yields a
closed form for a one-point approximation to the span effect.
The finite-span circulation functions used ared

~=F+iQ

Q=H+iJ
.

For infinite aspect ratio
T=Q=C(k)

w-here C(k) is the two-dimensional Theodorsen function.
The functions ~ and ~ may be calculated for the argument
k by methods given in reference 9, and equations (8) and
(9) are again used to calculate the various stibility deriva-
tives. The factors A and B which appear in equations (9)
must, however, be titten in terms of ~ and ~ as follows:

( -3kJ+(”2+aF+2”A=(2a–l)akQ+ a
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( 2)’H-(”+-2-B=(2a– I)alcF+ a–:

EWE(7T OF COMIR~Y

Subsonic compressibility effec~ on the unsteady damping
in yaw and directional stability of a two-dimensional oscil-
Mng lifting surface can be considered through the use of
reference 10 which is an extension of the calculations of
Possio (ref. 11). The ~ite-span Comprwsi%le-flowvalues
for the stability derivativea can be obtained by the use of
equations (8) and (9) for Mach numbers O,0.5, and 0.7. h
the notation of Frazer and Skan (ref. 10), however,

( )( )
A=4M,–~ ~+a M,+ Z,–~Z, +Ml

‘=4M’-K++a)(M’+z’-~)+M+M’

The correspondence between the notation of Theodoraen
and that of l?razer and Skan is shown in reference 12. The
values of the Z and M functions are tabulated by Frazer and
Skan for Mmch numbers O, 0.5, and 0.7 and a significant
range of reduced frequencies. Reissner has recently ex-
tended his work on oscillating wings of finite span to include,
to the same degree of approximation as for the incompreible
cam, tho subsonic effects of mmpreasibility. (See ref. 13.)

RESULTS AND DISCUSSION

PRESE~ATION OF B=ULTS

The experimental values of the longitudinal, directional,
and yawing characteristics of the complete model, the rno.del
with wing removed, and the fuselage done as determined by
force tests are given in figure 6. The experimental valu= of
the damping in yaiv of the fuselage and tail assembly
(designated IW) and the fuselage alone (designated ~
obtained by the freely damped oscillation teehnique for
several frequencies of oscillation are shown in figures 7 and 8.
The frequency and aspect-ratio effects on the damping in
yam contributed by,the vertical tail m calculated horn the
unsteady-lift theories discussed previously are also shown in
these figures. Figure 9 gives a comparison of the relative
importance of (?,, and Cmj on the damping in yaw of the
model. Figurea 10 to 12 are similar figures summarizing
frequency and aspect-ratio effects on directional stability.
Figures 13 and 14 give the computed effects of compr.e&i-
bility on the vertical-tail contribution to the damping in yaw
and directional stabili~ of the test model.

DISCUSSION

The variation of the experimentally determined damping
in yaw of the test model with frequency is in reasonably
good agreement for the range covered by the tests with the
various approximate theoretical treatments which considar
the effect of finite span. (See figs. 7 and 8.) The contrib-
utionof the fuselage to the damping in yaw is small for the
range of tst frequencies. A two-dimensional approxima-
tion to the damping as is frequently employed for flutter
work appears to be remarkably good for k>O. 1 dnd for aspect

ratios.of 6 and greater (fig. 8). A large effect of aspect ratio,
however, is shown for aspect ratios below 6 for the entire
bequency range and for all aspect ratios for frequencies less
than k= 0.1. The two-dimensional result indicates a loss in
damping at low frequencies much greater than the iinite-
gpan result and, in fact, shows a revarsal in sign of the
kmping at sufficiently low frequencies. A number of papers
dealing with unsteady lift have noted this ohamcteristic of
the two-dimensional aerodynamic forces. (See refs.. 1 to 3
md 14.)

An examination of the values of the derivatives C.. and
CS; as computed from reference 6 for infinite aspect ratio
and from referenee 7 for aspect ratios of 3 and 6 (&. 9)
indicatea that the derivative (?abis critically dependent on
reduced fi-equency for the low range of reduced frequencies
and ir&nite aspect ratio. The derivative (?=,is only slightly
dependent on the reduced iiequency for infinite aapect ratio
and even less so for the lower aspect ratios. The dependence
of C.b on reduced frequency is responsible for the deorease
in damping shown for the inihite-aspect-ratio case as the
frequency is reduced (figs. 7 and 8).

The aspect-ratio-2 results ahown in figures 7 and 10 were
obtained from ,the theory of Jones (ref. 7) for aspect ratio
3 by use of a correction factor which w-as the ratio of the
lifting-line-theory Mt-ourve slopes for aspect ratios of 2 and
3. This eorreotion is only approximate and was made in
order to place the results on a comparable basis. The varia-
tion of C., —Cnhwith reduced frequency, shown in figure 71
indicatea no appreciable effeot of frequency to zero frequency.
In fact, the result of Jones for aspect ratio 3 reduces to a
iinite value at k=O given by

()C.r–C.i=-~ ~ ‘$ (1.2a’–0.370a+0.5 l5)
w’

which is not the case for the two-dimensional result that
approaches infinity as k approaches zero. This result is not
expected to be very aeourate olpse to k=O, however, becauae
of the nature of the assumptions made in its derivation as
mentioned previously.

When the iiuite-span effects are considered, it appears that
these eflects are ,wpecially signiiic@ with regard to the
damping in yaw of this model for aspect ratios smaller than
6. (See fig. 8.) The theory also indicatesa significant
decrease in the damping at low frequencies when the aapect
ratio was increased from 20 to m.

The experimental values of damping in yaw obtained by
free oscillation iigree closely with the values of Carobtained
by the stxmdsrd curved-flow testing procedure used in the
Langley stability tunnel. The curved-flow teohnique results
in the k=O value of C.,. No unsteady effects, however,
are obtained by this teehnique.

The unsteady-lift theories indicate that, at frequencies of
oscillation from k= O to k=O.1, the frequency has little
effect on the directional stabili~ contributed by the vertical
tail but that high fkequenciw of oscillation can cause the
directional stibilitg contributed by the vertical tail to de-
crease gredly and eventually b change sign (figs. 10 and 11).
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Angle of attack,a, deg Angleof attmk,a, c!q Ang!e af attack, a, Q ,

● I?IGIJRB6.—The steady-state st.abili~ oharaateristics of the model *d.

●

●



.—

EFFEOT13OF FREQUENCY ON TAIL CONTRIBUITON TO DAMPING IN YAW 503

.2

}’
O FT Fr&-tipi~ t=ts
OF

}
: :T @med-fbV/ teds

.1 1

— Ref. 9

}

.
----- M: A=2
——

1 —-— Ref. 6 A-CO

1
0 I\

\
o 0

h
t

-,I
\\

.

+?.,2 ‘1
4’ .

.
\

-.3 -+ — ~ -—
n

\ \
-L. __0 0

(~ — 0 — — - “- — - -~ -.
---- __

-—_ ____ ____ __ ___ —- ____ _._=— — —— .— — —
, — - .—

0 -, — -
-.4 -

-,5

-,6
0 .005 .010 .015 .020 .0:5 .030 .035 .040 045 .050

I

FxGmm 7.—The effect of frequency on the damping in yaw for a low range of the reduced frequency. Comparison of several methods for cal-
culating frequenoy efTeoton the damping in yaw.



——. ——— .——. —.-. _.. — ——..._

504 RDPORT l13&NATIONAL ADVL80RY COMMHWEE FOR AERONAUTK!8

.

.

FICW

-.1

:2

Hi

-.60
.1 .2 .3 .4 5 .6 .7 .8 .8 1,0

k
m 8.—The effeot of ~eot ratio on the damping in yaw as calculated by the method of Biot and Boehnlein for a range of reduced froquenokw.

,

.

. .



EFFECTS OF FREQUENCY ON TAIL CONTRIBUTION TO DAMPING IN YAW 505

.1

0

-.1

-2

;?
b -J

C$’
-.4

-.5

-.6

-,70
.01 .02 .03 J34i35 .06 07 LB .09 .10

k
J

o

-.1

-.2

<’q
8 -.3

b“
-,4

-,5

-.6

-.70 ,, ,2 .3 .4 .5 .6 “ .7 .8 .9 1.0

(~) Lower range of reiied frequencies.
(b) Range of reduced frequermies.

FIGURE9.—The effect of redueed frequenoy on the atabfity derivatives
C% and C,ti

Clmngeain aspect ratio, for low aspect ratios, have a large
?flect on the directional stab”ti~; for high aapect ratios,
:lmnges in aspect mti’o are lesssignificant. The experimental
valuesof directional stability obtained from the free-dsmping
.csts remained constant for the range of fiequenciea investi-
~ated, although the magnitudes are somewhat smaller than
hose predicted for the tail contribution by the cahdation
nethods for aspect ratio 2. This result is not unexpected
}ecause cdl the finite-span unsteady-lift theorks employed
maintain some resemblance to the Prandtl lifting-line
heory which, of course, yields valuea of the lift-curve slope
w low aspect ratios which are unrealistically high The
ohms’ of directional stability obtained by both the free-
scihtion and the static-test procedures were about the
~momcqgnitude.
Pigure 12 gives a comparison of the contribution of a

ertical tail to the stability derivatives C~~ and C.; aS

computed from references 6 and 7. These derivatives were
combined in the proportion ‘

for comparison with the results of the oscillation tests.
Although C,; is of appreciable magnitude itself, the factor

()
C=;W $ s is very small relative to C*Bfor the range of

hequencies around k=O.01 and thus should not greatly
tiect the directional stability of the usual airplane.

The computed two-dimensional Mach number effects on
the damping in yaw and directional stability of the tail
surface of the test model are shown in @urea 13 and 14.
These results were included to illustrate the powerhd effect
of compressibility on the damping contributed by the tail
surface. A complete coverage of onedegre~f-freedom
flutter by use of these aerodynamic forces which may be
obtained from references 10 to 12 is given in reference 14.
Compressibility effects decrease the tail-surfa~ damping at
low frequencies and increaae the damping at higher frequen-
cies. The directional stability increases at all frequencies
with increase in lMach number with the largest increases
occtig in the high-frequency range of oscillations. Refer-
ence 15 which presents the two-dimensional oscillating
a&od~amic forces at sonic speed indicates larger deviations
from the results for incompressible flow than for the subsonic
results given here.

CONCLUSIONS

The following conclusions were drawn from the results of
an investigation made at a Mach number of 0.14 of the
effects of frequency and aspect ratio on the directiord
damping and stability of a fuselage and vertical tail oscil-
lat~o freely in yaw: .

1. The contribution of the vertical tail to the damping in ~
yaw of the model agreed within the limits of experimental
accuracy with predictions of the appron”mate finite-aspect- i
ratio unsteady-lift theories for the range of frequencies
tested.

2. Two-dimensional unsteady-lift theory predicted a much
greater loss in damping with reduction in frequency than was
shown by experiment or by the approximate finite-mpeck
ratio unstwdy-lift theories.

3. Both the unsteady-lift theories and the cspeiimental
results indicated that the contribution of the vertical tail to
the directional stability of the model was relatively independ-
ent of frequency for frequencies comparable to those of
lateral akplane motions.

LANGLEy AEIioNA~ICU hoRAToRY,
NATIONAL ADVISORY COMWCTEE FOR hRONAUTICS,

LANGLEY FIELD, VA., November 26, 1961.
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APPlmmx

CONVERSION OF UNSTEADY FORCES AND MOMENTS FRO~ FLUTTER TO STABIIJTY AXES

The convemion of the contribution of the vwtieal tail to
the yawing moment of an airplane in terms of unsteady-lift
functions and of the Theorlorsen flutter axes to the stability
axes ~hich are fked in the body is included here as a matter
of genernl interest. Reference 16 gives considerable atten-
tion to such ask conversions. The following sketches indi-
ctitethe paths and attitudes of airplanesperforming sinusoidal
sideslipping and yawing oscillations within the limits of the
Stability-a.tis system:

/
- /

h
____, __— —

Yawing, $=$oef”t
The Theodorsen coordirq+tesh and a and the stability-axis
coordinates p and # are shown with respect to the paths
followed by the airplanes in sideslipping and yawing &ht

In sideslipping tlight

Sideslipping, @= Bti’”’ I a= o
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and in yawing flight

+.+ A=.
.

From reference 6 the wmtibution of the vertioal tail to the
yawing moment of an airplane in terms of the flutter coordi-
nates is .

A@, h)= -%[”(+-”)%’++(++”2)’-%’1+
‘V:”(a+w’[va+h+%-a)a]

If this moment is for a sideslipping motion or a yawing
motion in the sense given b+ stabiLiti-axes iixed in &-e body
and if the following - Me substi&ted for the sideslipping
cnse

a=o

a= o

;=0

k=–vf?

7L=-v@
,

and for the yawing case

h=–v$

i= – v+

the following results are obtained for the side&pping case

‘“’=-% (% ’)+w(a+:)c’k’(-v’)

and for the yawing case

wfich reduce for the sideslipp;i case to

iv(l$=-qc? [%+(”+9°(’”1
and for the yawing ease to

N(#)= –;@
{[~-c(’)(~-”’)w~(:+a’)$l

SimiIar expressions maybe obtained for the side force in pure

0

sideslipping and yawing flight. Reference 6 gives the side
forcmof the vertical tail in terms of the flutter axes as

.
Y(a,h)=g (Vfia+rl-y)+

TPVc,C(k) [Va+)i+~ (&a) a]

wbick when the following terms are
sidedipping case

and for the yawing csse
.

substituted for the

becomes for pure sideslipping and yawing flight

Y(f3)=– “at’($)+’o(k
and

[

.

1
Y(#)= qct’ ~ 2C(k) (~–a) $ –~ a ~

Substituting the motions, in the manner done in the text,
for the yawing moment,

into these expr~ona and into the
stability derivative which are

expressions @ terms ot

givw the following relationabips for the tail contribution tc
thq side-force derivatives when the real and imaginary pm%
of these equations are equated:

St po=fl=-2T~
10

I
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